Abstract. Extracellular Ca" is required for platelet aggregation and secretion in response to ADP or epinephrine. Recently 
Introduction
Extracellular Ca2+ is required for several of the reactions that take place on the platelet surface when platelets are activated by agonists, including the binding of fibrinogen to membrane glycoproteins Ilb and lIIa (1, 2) . Since extracellular Ca2" exists in rapid equilibrium with Ca2`bound to the platelet surface (3) , at least part of the requirement for extracellular Ca2`may reflect Ca2`bound to the platelet membrane at sites involved in the surface reactions. Previously, we demonstrated that there are a minimum of two classes of high affinity, saturable binding sites for Ca2" on the surface of intact platelets (3) . Stimulation by ADP or epinephrine produced additional Ca2+-binding sites, even in the absence of platelet aggregation and secretion.
The high affinity (dissociation constant [Kd] < 10-6 M) of all of these binding sites for Ca2+ suggested that they may be located on membrane proteins or glycoproteins rather than membrane phospholipids (4) . Accordingly, we performed the present studies (a) to identify the specific membrane proteins that represent the high affinity Ca2+-binding sites on unstimulated platelets; (b) to determine whether these same membrane pro-examine the effect on platelet aggregation and secretion of selectively removing Ca2" from its binding sites on the platelet surface. The results suggest that the requirement for extracellular Ca2" during ADP-and epinephrine-induced platelet aggregation and secretion reflects a requirement for Ca2" bound to specific membrane proteins.
Methods
Preparation of gel-filtered platelets. Platelet-rich plasma from normal and thrombasthenic donors was obtained by differential centrifugation of blood anticoagulated with 13 mM sodium citrate and incubated for 30 min at room temperature with 1 mM aspirin to inhibit platelet cyclooxygenase (3) . Platelet-rich plasma from donors with the BernardSoulier syndrome was collected after the erythrocytes had settled by gravity for 3 h in an air-tight plastic container. Platelets were isolated from plasma by gel filtration on Sepharose 2B (Pharmacia Fine Chemicals, Piscataway, NJ) using an elution buffer that contained 137 mM NaCl, 2.7 mM KCI, I mM MgCl2, 5.6 mM glucose, I mg/ml bovine serum albumin (Sigma Chemical Co.. St. Louis, MO), and 4 mM Hepes, pH 7.40 (3, 5) . This buffer was prepared with water that had been depleted of calcium by passage through Chelex 100 ion exchange resin (Bio-Rad Laboratories, Richmond, CA). The (1, 6) .
Measurement ofsurface-bound Ca2`on unstimulated platelets. Ca2+ binding to the surface of unstimulated platelets was measured as previously described (3) . Briefly, 45CaC12 (1-1,500 MM) and EGTA (500 MM) were added to gel-filtered platelets to obtain buffered extracellular free Ca2+ concentrations that ranged from 1 0V M to 1 0V M and platelet concentrations that ranged from 1.5-3.0 X 108/ml (3, 12) . After 10 min at room temperature, 0.4-ml aliquots of the platelet suspension were layered on top of silicone oil and the platelets sedimented by centrifugation for 2 min at 12,000 g in a microcentrifuge. The amount of 45Ca2+ in the platelet pellet was measured by scintillation counting and corrected for trapped extracellular space using [3Hjsorbitol (New England Nuclear, Boston, MA) (3). Surface-bound 45Ca2+ was defined as the difference between this value for platelet-associated 45Ca2' and the value obtained when 3.5 mM EGTA was added to the platelet suspension immediately before sedimenting the platelets. The number and affinity of the Ca2+-binding sites measured in this way were calculated by nonlinear regression analysis using the general equation for ligand binding to one or more noninteracting classes of binding sites (3, 13) .
Measurement of surface-bound Cal' on ADP-stimulated platelets. Measurements of surface-bound Ca2" on platelets stimulated by ADP were made over a more restricted range of free Ca2" concentrations (3 X 10-8 to 1 X l0-' M) using 50 MM EGTA to buffer the free Ca2" concentration. Otherwise the procedure was the same as used in the absence of ADP. Over this limited range ofCa2" concentrations, binding occurred predominantly at a single class of sites, and the data were analyzed by the method of Scatchard (14) .
Free Ca2" concentration. Free Ca2+ concentrations > I MM were measured with a Ca2`-specific electrode (Orion Research, Inc., Cambridge, MA). Free Ca2+ concentrations < 1 pM were calculated by the method of Portzehl (12) using published association constants for EGTA that were corrected for pH (15) . In addition, the apparent association constant for Ca2+-EGTA was confirmed directly in the platelet incubation buffer (minus Mg2`and albumin) using the method of Bers (16 In this case, the pH of the gel filtration buffer was decreased to 6.9 to avoid formation of insoluble Gd3+ salts (17) . The cyclic AMP content of platelets incubated with 100 gM GdCl3 for 15 min at room temperature was measured as described previously (18) .
Results
Ca2`binding to unstimulated thrombasthenic platelets. Surfacebound Ca2+ was measured at free Ca2+ concentrations ranging from 10-9 M to 10-3 M using aspirin-treated, gel-filtered platelets.
The results obtained with platelets from seven normal donors are summarized in Table I and are comparable to those reported previously (3). Normal platelets had two classes of saturable binding sites for Ca2+ with an apparent Kd of 9 and 400 nM, respectively. Nonsaturable Ca2' binding averaged 0.05% of the free Ca2+ concentration.
Thrombasthenic platelets, which are deficient in glycoproteins lIb and I11a, demonstrated abnormal Ca2+ binding. For purposes of comparison, the combined data from the three thrombasthenic donors and the normal donors are shown in Fig. 1 . The analysis of each individual thrombasthenic donor is shown in Table I . Although the thrombasthenic platelets also contained two classes of saturable Ca2+-binding sites with apparent dissociation constants similar to normal platelets, the amount of Ca2' bound by each class of sites was markedly reduced. Ca2' binding to the higher affinity sites was reduced by an average of 92%, while binding to the lower affinity sites was reduced by an average of 63%. These data suggest, but do not prove, that the majority of both classes of saturable binding sites for Ca2" on unstimulated normal platelets is associated with glycoproteins lIb and lI1a.
Ca2+ binding to ADP-stimulated thrombasthenic platelets. Studies of ADP-stimulated platelets required a modification of Platelets were isolated from plasma by gel filtration in buffer containing 137 mM NaCI, 2.7 mM KCI, I mM MgCl2, 5.6 mM glucose, 1 mg/ml bovine serum albumin and 4 mM Hepes, pH 7.40. 4"CaC12 and 500 pM EGTA were added and the platelets were incubated for 10 min at room temperature. The final total calcium concentration (including residual calcium in the gel-filtration buffer) ranged from 10-' to 1.5 X 10-3 M, giving free Call concentrations from 10-9 to 10-3 M (Methods). The amount of surface-bound 45Ca2' was measured after sedimenting the platelets through silicone oil and was analyzed for each individual donor by nonlinear regression (3, 13) . The results shown for the normal platelets are the mean±SEM for seven donors.
the methods used to study unstimulated platelets. Platelets incubated at 370C with EGTA or EDTA irreversibly lose their ability to aggregate in response to ADP in a time-and concentration-dependent manner (19, 20 (Fig. 4) . This reduction of aggregation and serotonin release was not due to a direct effect of the EGTA or of the low Ca2+ concentration on fibrinogen, because fibrinogen incubated at 0.8 nM free Ca2`for up to 2 h was still able subsequently to support aggregation. The extent of ADP-induced platelet aggregation and ['4C]serotonin release increased with increasing Ca2+, and was maximal at 7 nM free Ca2+ (Fig. 4) . Similar results were obtained when epinephrine was used as the agonist. The reductions of ADP or epinephrine-induced aggregation and ['4C]serotonin release at Ca2" concentrations < 7 nM were reversed by adding Ca2' back to the platelet mixture. These experiments suggest that the higher affinity Ca2+-binding sites (Kd = 9 nM) on the platelet surface must be at least partially occupied by Ca2+ for maximal platelet aggregation and secretion to occur in response to ADP and epinephrine. Mg2+, which was present in these experiments, cannot substitute for Ca2+ in this regard but it can support partial aggregation.
The second approach used to assess the functional role of surface-bound Ca2" took advantage of the binding properties of the lanthanide, Gd3+. Gd3+ exhibits a high affinity for Ca2+-binding sites on cell membranes (17) . In preliminary studies we incubated gel-filtered platelets with '53GdC13 for up to 1 h. We found that the volume of distribution of '53Gd3+ centrifuged through silicone oil with platelets was the same as the volume of the trapped extracellular space measured with [3H]sorbitol. This suggests that, as with other cells (17) , Gd3+ is unable to enter the platelet. Thus, we used Gd3+ to displace surface-bound 45Ca2" selectively. At 5 gM free Ca2" and 1 mM Mg2", GdC13 caused a dose-dependent decrease in both surface-bound Ca2"
and ADP-induced platelet ['4C]serotonin release (Fig. 5) . Gd3+ also decreased platelet aggregation, but to a lesser extent (Fig.  5) . These inhibitory effects of Gd3+ were reversed by the addition of excess Ca2", but not Mg2", to the incubation mixture. Another lanthanide, La3+, has been reported to inhibit platelet function by increasing the levels of platelet cyclic AMP (21). However, in two experiments, 100 $M GdCI3 had no effect on platelet cyclic AMP content (control = 0.70 and 0.81 pmol cyclic AMP/ 108 platelets; GdCl3 = 0.77 and 0.91 pmol).
Discussion
The plasma membrane ofhuman platelets contains high affinity Ca2+-binding sites that can be characterized by equilibrium binding studies performed with intact platelets at submicromolar extracellular free Ca2+ concentrations. Approaching in this manner, we previously found that normal platelets have at least two classes ofsaturable Ca2+-binding sites and develop additional Ca2+-binding sites after stimulation with ADP or epinephrine (3) . In these studies we have used abnormal platelets with defined deficiencies of plasma membrane glycoproteins to help localize the saturable Ca2+-binding sites. We have also explored the role of these sites in platelet function by observing the effect of removing or displacing Ca2' from the platelet surface on platelet aggregation and secretion.
The (23) . Nonetheless, the identification of glycoproteins Ilb and lIa as a major binding site for extracellular Ca2+ is supported by other observations. When glycoproteins Ilb and Illa are isolated from platelet membranes, they form a Ca2+-dependent complex (24, 25) . In stimulated platelets, this complex appears to mediate fibrinogen binding, a process that also requires divalent cations (1) . In contrast, glycoprotein Tb, which binds von Willebrand factor in the presence of ristocetin, does not appear to bind extracellular Ca2' and has no known structural or functional requirement for Ca2+ (2) . Similarly, glycoprotein V, which may also be decreased in Bernard-Soulier platelets, appears to be involved in thrombin-induced platelet activation, a process that does not require extracellular Ca2+ (2, 26) .
Since there are -44,000 glycoprotein Ilb-Illa complexes/ platelet (1, 6) , the number of Ca2+ ions bound to each complex may be estimated using the data in Table I ['4Clserotonin release were markedly decreased at free Ca2" concentrations < 7 nM. This free Ca2" concentration is similar to the apparent Kd of the higher affinity Ca2"-binding sites on the platelet surface and suggests that these sites must be at least partially occupied for normal platelet function. Furthermore, the lanthanide, Gd3", was able to displace Ca2" from its specific binding sites on the platelet surface, resulting in an inhibition of platelet aggregation and serotonin release.
The fact that I mM Mg2" alone was unable to support full aggregation and serotonin release but could do so if at least 7 nM free Ca2" was simultaneously present suggests that divalent cation binding sites on platelets are heterogeneous (20, 27 Occupation of such sites by either Ca2+ or Mg2+ may be required for partial platelet aggregation. In contrast, the high affinity binding sites defined in the present study are specific for Ca2 , and occupancy of these by Ca2' appears to be required for both serotonin release and maximal platelet aggregation in response to ADP or epinephrine.
How might the binding of extracellular Ca2+ to specific high affinity sites on glycoproteins Ilb, Illa or other membrane proteins be involved in platelet activation? On the one hand, the high affinity binding of extracellular Ca2+ to Ilb or Ila may be a prerequisite for these glycoproteins to bind fibrinogen maximally and therefore support maximal aggregation (1) . On the other hand, the binding of extracellular Ca2+ may also influence the platelet secretory response directly, independent of its effect on platelet aggregation. For example, a number ofsurface membrane proteins believed to be involved in receptor-mediated platelet activation are Ca2' dependent (28, 29) . However, further studies will be necessary to clarify the topography ofthese membrane proteins and determine whether they are capable ofbinding extracellular Ca2' during ADP-or epinephrine-induced platelet activation.
